shown to cause KBG syndrome (MIM148050), characterized by intellectual disability (ID), behavioral abnormalities, macrodontia of upper central incisors, and skeletal anomalies (Brancati et al. 2006; Herrmann et al. 1975; Skjei et al. 2007; Sirmaci et al. 2011) . Heterozygous deletions at 16q24.3 that contain the ANKRD11 gene were also described in patients with ID, autistic spectrum disorder, and in some cases with brain anomalies, a clinical phenotype overlapping with KBG syndrome (Marshall et al. 2008; Willemsen et al. 2010; Handrigan et al. 2013; Isrie et al. 2012; Sacharow et al. 2012; Khalifa et al. 2013; Miyatake et al. 2013) .
ANKRD11 contains two transcriptional repression domains at the N and C termini, respectively, plus a transcriptional activation domain (Zhang et al. 2007 ). It interacts with the p160 coactivator and nuclear receptor complex and recruits histone deacetylases to modify transcriptional activation (Zhang et al. 2004 ). ANKRD11 localizes mainly to the nuclei of neurons and accumulates in discrete inclusions when neurons are depolarized (Sirmaci et al. 2011) . Thus, it is not surprising that ANKRD11 mutations lead to a neurobehavioral phenotype (Willemsen et al. 2010; Handrigan et al. 2013; Sacharow et al. 2012; Spengler et al. 2013 ). However, how ANKRD11 mutations act at the molecular level remains unknown.
The mouse ortholog Ankrd11 has a 79 % identity at the amino acid level with human ANKRD11. A chemically induced (ENU) mutagenesis screen generated the Ankrd11
Yod/+ allele, a missense mutation at a highly conserved residue (E2502K) (Barbaric et al. 2008) . The Ankrd11
Yod/+ or Yoda mouse was reported before the identification of ANKRD11 mutations in KBG syndrome.
In this study, to understand the pathogenic mechanisms underlying the KBG syndrome, we screened ANKRD11 in additional patients for the documentation of mutation spectrum, studied the cellular characteristics of the wild-type ANKRD11 protein, and analyzed pathogenic variants in humans and Yoda mice.
Materials and methods

Patients
Each patient was evaluated by an experienced clinical geneticist to exclude other syndromic forms of ID. Chromosome, fragile X, and microarray studies showed normal results in the affected individuals. The institutional review board at the University of Miami approved this study. All participating individuals provided written informed consent.
Animals
Ankrd11
Yod/+ or C3H.Cg-Ankrd11 <Yod>/H (EM:00380) congenic on a C3H/HeH genetic background was obtained from the European Mouse Mutant Archive EMMA. The colony was expanded at the University of Miami. At weaning age, Ankrd11
Yod/+ and wild-type littermates were housed 2-4 per cage in a room with a 12-h light/dark cycle with access to food and water ad libitum. All procedures were approved by the University of Miami Institutional Animal Care and followed the NIH Guidelines, "Using Animals in Intramural Research".
Sanger sequencing
Mutations in ANKRD11 in patients were screened via conventional capillary sequencing. Once a mutation was identified in the proband, available parents were tested for the same variant. Primers were designed to amplify the coding exons and respective flanking intronic regions, along with the 5′ UTR using Primer3 v. 0.4.0 (http://frodo.wi.mit.edu/) and are available upon request. Mouse DNA fragments were amplified using primers F5′-CTGAAGGAGCTGTTCAAGCAA-3′, and R5′-CCTGGCTGCCCGGCAATGAA-3′. 20 ng of genomic DNA was used in conjunction with Betaine (Sigma) and Platinum Taq (Life Technologies) in each PCR reaction. A touchdown protocol was used to amplify target DNA regions. Amplicons were visualized on 2 % agarose gels, and cleanup was conducted using Sephadex. Patient DNA sequencing was obtained using Big Dye Terminator Cycle Sequencing V3.1 Ready Reaction Kit, and ABI PRISM 3130/3730 DNA analyzers (Applied Biosystems). Sequence traces were analyzed with Sequencher 4.7 Software (Gene Codes Corporation). NM_013275.5 was used as reference for nucleotide and codon numbering in humans. In silico analysis to assess disruption of the protein function was performed using Polyphen2 (http:// genetics.bwh.harvard.edu/pph2/index.shtml) and Mutation Taster (http://www.mutationtaster.org/).
(Invitrogen). Nested PCR was performed to amplify a 295-bp region followed by a 218-bp region. Sanger sequencing was used to confirm the presence of the mutation in the RNA. Primers were designed to quantify total ANKRD11 mRNA (F5′-CAGCCCAGTGGACACAAC-3′ and R5′-CTCTCCACGCTCGTTTCTCT-3′) in the human family heterozygous for a truncating mutation. Additional primer pairs were designed to hybridize directly on the mutation site, where the last two nucleotides on the forward primer matched either the mutant or wild-type allele. Primers designed to anneal to the wild-type DNA were F5′-AAGCCAGTGAGGAAGAGGC-3′ and R5′-TGCTTGGAGTCCTCATATTCG-3′. Primers designed to bind to mutant allele were F5′-TGAAGCCAGTGAGG AAGAGTT-3′ and R5′-TGCTTGGAGTCCTCATATT CG-3′. Amplification of cDNA was completed with a 7900HT Fast Real-Time PCR system (Applied Biosystems). Each reaction was prepared with Syber Green according to the manufacture's protocol (Applied Biosystems). Each condition was performed in triplicate.
Cell culture MCF-7, MCF-10A and 293T cells were purchased from ATCC and cultured in their recommended media. H1299 cells were cultured in DMEM with 10 % FCS. Neuro2A cells were grown in DMEM medium with 10 % fetal bovine serum, penicillin (100 units/ml), and streptomycin (100 μg/ml) (Gibco by Invitrogen) at 37 °C with 5 % CO 2 .
Immunofluorescence analysis
Fibroblasts Primary culture of tail fibroblasts derived from newborn (P0) mice were obtained as previously described (Walz et al. 2003) . Fibroblasts derived from wild-type or mutant mice were fixed with PFA 4 % for 15 min followed by permeabilization with PBS-TX100 0.25 %. Detection of Ankrd11 was performed utilizing the rabbit anti-Ankrd11 1/75 (ARP33542, Aviva) and mouse anti-fibrillarin 1/500 (ab4566, Abcam) antibodies. The secondary antibodies utilized were goat anti-rabbit Alexa Fluor 488 (Invitrogen) and goat anti-mouse Alexa Fluor 568 (Invitrogen). To visualize the DNA, DAPI staining was utilized. Images were captured with a LSM710 Zeiss confocal microscope.
ANKRD11 localization during mitosis For the analysis of ANKRD11 localization during mitosis, MCF-7 cells were seeded into Lab-Tek II 4-well chamber slides (Nalge Nunc International, Naperville, IL) and transfected with the pLNCX2-ANKRD11-myc expression construct (Neilsen et al. 2008 ) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Twenty-four hours post-transfection, cells were synchronized in mitosis through incubation with 1 µM nocodazole (Sigma, St Louis, MO) for 16 h. Cells were released from the nocodazole block through three media washes and cultured in fresh media for the indicated time points. Cells were subsequently fixed and permeabilized for immunofluorescence as previously described (Neilsen et al. 2008) . Cells were incubated with a mouse anti-myc antibody (Kumar et al. 2005) in 5 % donkey serum (overnight, 4 °C) with subsequent incubation with Alexa Fluor 488-conjugated anti-mouse antibody (Molecular Probes, Eugene, OR) in 5 % donkey serum (1 h, RT). Chomosomes/ DNA-rich regions were visualized through initial treatment with RNase A (1 µg/mL, 37 °C, 30 min) and subsequent counterstaining with propidium iodide (100 µg/mL, 37 °C, 30 min) (Sigma, St Louis, MO). Cells were imaged on a BioRad Radiance 2100 Confocal Microscope.
Localization of truncated ANKRD11 protein GFP-ANKRD11 (Neilsen et al. 2008 ) was digested by ClaI and BamHI, followed by a filling of the HercII polymerase and a ligation to generate the GFP-ANKRD11
1-1,614 construct that expresses a truncated ANKRD11 (1-2,232aa) fused with GFP. The construct sequence was confirmed by Sanger sequencing. Neuro2A cells were transfected with 4.0 µg of the corresponding plasmids using Lipofectamine 2000 (Invitrogen) in 6-well plate with cover slips. Twentyfour hours post-transfection, cells were fixed and immunofluorescence was performed with mouse anti-fibrillarin 1/500 (ab4566, Abcam) antibody as described above.
Western blot analysis
For cell synchronization experiments, MCF-10A cells were blocked at G 1 /S phase using a double thymidine block. In brief, sub-confluent cell cultures were grown in the presence of 2 mM thymidine (Sigma, St Louis, MO) for 24 h, subsequently washed in fresh media and cultured without thymidine for an additional 10 h. Cells were then subsequently cultured again in the presence of 2 mM thymidine MCF-10A cells were synchronized using a double thymidine block, released into fresh media without thymidine and harvested at the indicated time points. ANKRD11, cyclin B1, and beta-actin protein levels were detected using Western blot analysis for an additional 16 h, thereby synchronizing them in G 1 /S phase. Cells were released through two washes in fresh media and collected for Western blot analysis. To assess the cellular compartmentalization of ANKRD11 protein, MCF-10A cells were subjected to subcellular biochemical fractionation as previously described, (Wysocka et al. 2001) followed by Western blot analysis. For ANKRD11 fragment stability assays, H1299 cells were transfected with constructs expressing FLAG-tagged regions of ANKRD11 (Neilsen et al. 2008) . Twenty-four hours posttransfection, cells were incubated with either 50 µg/mL cycloheximide (Sigma, St Louis, MO) or vehicle control for a further 16 h followed by collection for Western blot analysis. Western blot analysis was performed as previously described (Neilsen et al. 2008 ) using the following antibodies; rabbit anti-ANKRD11, mouse anti-FLAG, mouse anti-actin, mouse anti-ORC (Sigma, St Louis, MO), mouse anti-cyclin B1, and rabbit anti-MEK (Neomarkers, Fremont, CA).
Protein-fragment complementation assay (PCA)
The expression constructs encoding the GCN4 protein fused to either the amino (1-158aa) or carboxyl (159-239aa) halves of the YFP proteins were kind gifts from Professor Stephen Michnick. The ANKRD11 144-313 -YFP 1-158 , and p14-YFP 159-239 constructs were generated by removing the GCN4 using NotI and ClaI restriction enzymes and inserting either the p14 ORF (PCRed from MB468 cDNA without a stop codon) or the ANKRD11 region containing the ankyrin domain (429-939 bp), as previously reported (Neilsen et al. 2008) . The PCA was performed as previously described (Tarassov et al. 2008) . In brief, H1299 or 293T cells were seeded in a 24-well plate and transfected with 400 ng of the indicated ANKRD11 144-313 , GCN4 (positive control) or p14 (negative control) YFP fragmentfusion expression constructs. Twenty-four hours posttransfection, cells were collected in PBS and the total YFP expression levels determined using a FACS Calibur flow cytometer (BD Biosciences). Representative images were collected using an IX51 inverted fluorescent microscope (Olympus).
Statistical analysis
All the experimental data were analyzed using the independent samples t test. P values lower than 0.05 were considered statistically significant.
Results
The abundance of ANKRD11 is tightly regulated during the cell cycle ANKRD11 has been previously shown to interact with TP53 (MIM191170) and indirectly with CDKN1A (MIM116899), two proteins playing important roles in cell cycle progression (Neilsen et al. 2008) . To see if the abundance of ANKRD11 changes during the cell cycle, we measured the amount of endogenous human ANKRD11 at different stages of the cell cycle. We utilized MCF-10A cells because they have been previously shown to express high levels of endogenous ANKRD11 protein (Neilsen et al. 2008 ). Cells were synchronized using a double thymidine block, released into fresh media and harvested at different time points. We showed that ANKRD11 levels changed during the cell cycle, similar to those of CCNB1 (MIM123836; cyclin B1), a known cell-cycle regulated protein, reaching maximal expression during M phase as demonstrated by Western blot (Fig. 1) . To show the subcellular localization of ANKRD11 during different stages of mitosis, we used nocodazole synchronized cultures of MCF-7 cells (Neilsen et al. 2008) , transiently expressing ANKRD11 tagged with myc. ANKRD11-myc was localized to chromatin during chromosomal condensation in prometaphase (Fig. 2) . Western blotting of MCF-10A cell fractions also showed that endogenous ANKRD11 was almost exclusively detected in the chromatin-enriched subcellular fraction (Fig. A1) . However, the expression of the ANKRD11-myc protein following 3 h release from mitosis (late M phase) was undetectable, suggesting that even the transfected protein is highly unstable during this cell cycle stage.
Degradation signals for ANKRD11 are located at the C-terminus of the protein
To delineate which part of the ANKRD11 protein is signaling the degradation, we generated four constructs to express FLAG-tagged regions of ANKRD11. Twenty hours posttransfection, cells were treated with vehicle or cycloheximide for 16 h to prevent further protein translation. Western blot analysis showed that the C-terminus of ANKRD11 (amino acids 2,369-2,663) is the most rapidly degraded region of ANKRD11 (Fig. 3a) . We also generated an N-terminal form of the ANKRD11 protein (ANKRD1 1-2,232aa ) that lacks the C-terminal sequences. The ANKRD11 1-2,232aa truncated protein showed a strong accumulation when transfected N2A cells were lysate to be study by Western blot analysis (Fig. 3b) and immunofluorescence (Fig. 3c) . One of the most common and well-characterized motifs that direct protein proteolysis is the destruction box (D-box) (Barford 2011 ). In silico analysis shows that in the C-terminal region of the ANKRD11 there are 3 D-box sequences (Table 1) .
N-terminus of ANKRD11 forms homodimers
The N-terminus of ANKRD11 contains an ankyrin domain, which typically provides the interface for protein-protein interactions (Mosavi et al. 2004) . Using a yellow fluorescent protein (YFP)-based protein-fragment complementation assay, we demonstrated that the ankyrin domain of ANKRD11 (144-313 amino acids) exists as a homodimer (Fig. 4) . Similar levels of homodimerization were observed from the GCN4 leucine zipper protein, which has been previously reported to form dimers and served as a positive control for this assay (Fig. 4) .
All ANKRD11 mutations affect the C-terminus D-boxes
Five ANKRD11 mutations to cause KBG syndrome were reported in 2011 (Sirmaci et al. 2011) . We have since identified additional pathogenic ANKRD11 variants in six cases ( Fig. 5 ; supplemental Figs. A2, A3; Table 2 ). Nine out of eleven ANKRD11 mutations lead to premature termination codons at different positions in the gene and the resulting truncated ANKRD11 proteins would lack the C-terminus D-box (Fig. 5) . To assess if mRNA produced with these mutations is stable, we studied patient A with a truncating mutation that is located in the 5′ end of the gene (p.R595_A2663delinsS). Sanger sequencing of cDNA obtained from a peripheral blood mRNA sample showed the presence of the mutant allele, suggesting that a complete nonsense-mediated mRNA decay is not triggered (Fig. A3a) . This finding was corroborated by quantitative analysis, which excluded nonsense-mediated decay in the proband (Fig. A3a) . One reported mutation is a splice site variant that causes the deletion of the two central amino acids of a C-terminus D-box consensus sequence (RXXL) ( Fig. 5 ; Table 1 ) (Barbaric et al. 2008 ). The mutation identified in patient F constitutes the sole missense ANKRD11 variant associated with KBG syndrome up to date. Coincidentally, the p.R2512Q mutation changes the R from a D-box contiguous to the final C-terminus D-box. Thus, our analysis shows that the two C-terminus D-boxes are affected by all mutations reported to date in humans.
Mouse Yoda mutation adjacent to a D-box affects protein degradation
In silico analysis showed that the mutated amino acid of Ankrd11 in the Yoda mouse is just one amino acid upstream of the syntenic last C-terminus D-box in humans (Fig. 5) . This suggests that the degradation of Ankrd11 is disrupted. Therefore, we assessed the accumulation of the endogenous wild-type and mutant protein in primary culture of tail fibroblasts. In fibroblasts derived from wild-type mice, the protein localized in nuclear speckles as reported earlier (Neilsen et al. 2008 ). However, Ankrd11
Yod/+ derived fibroblasts showed accumulation (Fig. 6a, b) . To understand if this phenotype could be related to the abnormal degradation of the protein by the proteasome we subsequently studied the localization of the wild-type Ankrd11 protein when the proteasome was inhibited. The exposure of wild-type fibroblasts to inhibitor MG132 induced the accumulation of the wild-type Ankrd11 (Fig. 6c, d ) suggesting that the proteasome is indeed related to Ankrd11 degradation.
Discussion
Here, we report that the pathogenesis of KBG syndrome, a condition characterized by syndromic ID with behavioral abnormalities, is related to impaired degradation of ANKRD11. We showed that wild-type ANKRD11 is tightly regulated through the cell cycle.
We show here that the C-terminus region of the ANKRD11 protein is critical for regulation of its degradation. Interestingly enough three D-box sequences were found in this portion of the protein, with 100 % of homology between the human and the mouse sequence. Two of them were found to be disrupted in KBG patients and in the Yoda mouse, strongly suggesting that they play a role in the molecular cause of the phenotype.
The ubiquitin-proteasome system regulates neuronal migration, neuritogenesis, and the formation and elimination of synapses (Kawabe and Brose 2011) . Thus, disruption of this system can cause neuronal dysfunction and lead to neurological disease and ID. (Tai and Schuman 2008) Mendelian forms of ubiquitin-proteasome pathway dysfunction have so far included disorders where mutations affect the core components of the system, potentially involving multiple target proteins. A prototype disorder is Angelman syndrome (MIM105830) in which mutations in UBE3A (MIM601623) encoding the ubiquitin ligase E3A are causative. Angelman syndrome is characterized by ID, speech delay, gait ataxia, seizures, and distinctive behavior.
The ubiquitin-proteasome is a mechanism present in eukaryotic cells to regulate biological transitions through protein destruction (Hershko and Ciechanover 1998) . Ubiquitination of a target protein that needs a ubiquitinactivating enzyme (E1), a conjugating enzyme (E2), and a ubiquitin ligase (E3). The polyubiquitinated substrate is then degraded by the proteasome. APC/C is an E3 ubiquitin ligase that controls mitosis and G1 by targeting different substrates for degradation by the 26S proteasome. The D-box is the most common sequence known to target substrates to the APC/C complex (Barford 2011) . While several deletions on the long arm of chromosome 16 involving ANKRD11 have been reported to cause a phenotype overlapping with KBG syndrome, only five cases had deletions limited to ANKRD11 without including neighboring genes (Isrie et al. 2012; Khalifa et al. 2013; Spengler et al. 2013) . In two of these cases (Isrie et al. 2012; Khalifa et al. 2013) , the deletions were predicted to leave the 5′ end of ANKRD11 intact, which would lead to the production of a truncated protein missing C-terminus D-boxes. The remaining three cases had variable short stature, craniofacial anomalies, behavioral problems or mild ID. Since the abundance of ANKRD11 is tightly controlled during the cell cycle, it is likely that haploinsufficiency is enough to produce a clinical phenotype. However, our findings show that ANKRD11 forms homodimers through its N-terminus, which remains intact in all known ANKRD11 mutations. This suggests that the pathogenesis of a heterozygous ANKRD11 mutant may involve a dominantnegative mechanism containing a dimer with wild-type ANKRD11.
In summary, we show that the abundance of ANKRD11 is regulated during the cell cycle and that ANKRD11 variants lacking the C-terminus D-boxes are at the heart of the phenotype seen in KBG syndrome. Understanding the mechanism of cognitive impairment and behavioral problems in ANKRD11-mutated individuals holds the potential of targeted therapeutic strategies.
Fig. 6 Ankrd11
Yod shows abnormal accumulation that can be mimicked by inhibition of the proteasome. a Immunofluorescence was performed in primary cultured fibroblast derived from WT or Ankrd11
Yod/+ mice with an anti-ANKRD11 antibody (in green), and with anti-Fibrillarin antibody (red) to visualize the nucleolus. The nuclei staining was made with DAPI. b Table depicts the quantification of the subcellular localization for 200 cells. An N of 3 independent animals was utilized in these experiments. c Immunofluorescence was performed in primary cultured fibroblast derived from WT mice treated or not treated with a proteasome inhibitor drug, MG132, in the culture media. Anti-ANKRD11 antibody (in green) and antifibrillarin antibody (red) were utilized. The nuclei staining was made with DAPI. d Table depicts the quantification of the subcellular localization for 200 cells. An N of 3 independent animals was utilized in these experiments (color figure online) 
